Abstract Patients with 22q11.2 deletion syndrome (22q11.2DS) represent a population at high risk for developing schizophrenia, as well as learning disabilities. Deficits in visuo-spatial memory are thought to underlie some of the cognitive disabilities. Neuronal substrates of visuospatial memory include the inferior fronto-occipital fasciculus (IFOF) and the inferior longitudinal fasciculus (ILF), two tracts that comprise the ventral visual stream. Diffusion Tensor Magnetic Resonance Imaging (DT-MRI) is an established method to evaluate white matter (WM) connections in vivo. DT-MRI scans of nine 22q11.2DS young adults and nine matched healthy subjects were acquired. Tractography of the IFOF and the ILF was performed. DT-MRI indices, including Fractional anisotropy (FA, measure of WM changes), axial diffusivity (AD, measure of axonal changes) and radial diffusivity (RD, measure of myelin changes) of each of the tracts and each group were measured and compared. The 22q11.2DS group showed statistically significant reductions of FA in IFOF in the left hemisphere. Additionally, reductions of AD were found in the IFOF and the ILF in both hemispheres. These findings might be the consequence of axonal changes, which is possibly due to fewer, thinner, or less organized fibers. No changes in RD were detected in any of the tracts delineated, which is in contrast to findings in schizophrenia patients where increases in RD are believed to be indicative of demyelination. We conclude that reduced axonal changes may be key to understanding the underlying pathology of WM leading to the visuo-spatial phenotype in 22q11.2DS.
Introduction 22q11.2 DS, also known as velo-cardio-facial syndrome (VCFS) or DiGeorge syndrome (Shprintzen 2008) , is one of the most prominent developmental genetic human syndromes. It is characterized by a deletion of 30-45 genes on one of the arms of chromosome 22 (Driscoll et al. 1992; Scambler et al. 1992) . Cognitive deficits figure prominently in patients with 22q11.2DS, and, in particular, impaired visuo-spatial abilities (Bearden et al. 2001 ) are one of the most frequent abnormalities observed in this syndrome.
In healthy humans, once visual stimuli activate primary visual cortex, located in the proximity of the calcarine sulcus in the occipital cortex, information is immediately distributed within the occipital lobe, and into other areas of neocortex. While the morphologic organization of this distribution in humans is not entirely understood, it has been established that this organization includes connections between the occipital and the frontal lobes (and other areas), routed either through the temporal lobe (the ventral visual stream), or through the parietal lobe (the dorsal visual stream) (Ungerleider and Haxby 1994) . Findings suggest that visuo-spatial dysfunction in 22q11.2DS patients might be related to impaired visual stream processing.
Each of these streams has been associated with specific functionality. For example, the ventral stream, the 'what' pathway, is important for the identification of objects, whereas the dorsal stream, the 'where'pathway, is important for locating objects (Mishkin and Ungerleider 1982) . Deficits in visuo-spatial working memory (the dorsal visual stream) were observed in 22q11.2DS, while the objectbased memory (ventral visual stream) was relatively preserved (Bearden et al. 2002; Bearden et al. 2001) , which implicates selective impairment of the dorsal visual stream in 22q11.2DS. However, two other studies support deficits of the ventral visual pathway in 22q11.2DS subjects. The first study reported dysfunctionality of the 'face perception' area using functional MRI (van Amelsvoort et al. 2006) . The second study used the Test of Memory and Learning (TOMAL) to explore functionality of the dorsal and the ventral visual pathways. Young adults with 22q11.2DS and their siblings showed a relatively preserved functionality of the dorsal stream, whereas subjects with 22q11.2DS demonstrated impairment of the facial memory task, which is attributed to the ventral visual stream (Lajiness-O'Neill et al. 2005) . The inconsistency of the findings might mean that either both visual processing systems are affected or that dependent on the sample of patients either the dorsal or the ventral visual stream is more affected.
While the exact anatomical structures (fiber tracts) that form the visual streams have not been extensively studied in humans, neuroanatomical correlates established in studies in non-human primates demonstrated that the ventral visual stream consists of the inferior longitudinal fasciculus (ILF), an association fiber connecting the occipital lobe to the temporal lobe, and the inferior fronto-occipital fasciculus (IFOF), an association fiber connecting the occipital lobe with the frontal lobe (Macko et al. 1982; Tusa and Ungerleider 1985) . Studies of ILF and IFOF in humans support the neuroanatomical presence of visual stream pathways (Catani and Thiebaut de Schotten 2008; Makris et al. 1999; Sarubbo et al. 2011; Schmahman and Pandya 2006) . Established imaging methods now make possible not only the delineation of the fibers of interest in humans, but also an analysis of the tract's changes in patients and in healthy control subjects. Of note here, Diffusion Tensor Magnetic Resonance Imaging (DT-MRI) is a non-invasive imaging method that allows in vivo analysis of the organization of white matter (WM) in the brain. The underlying principle is the detection of directed diffusion of water molecules in anisotropic tissues, such as myelinated neuronal fibers, which can be found in the highly organized tracts of the brain WM (Basser et al. 1994) . These specialized MR diffusion sensitive measurements can be post-processed to compute an estimate of the diffusion tensor. Most quantitative DT-MRI studies rely on the analysis of Fractional Anisotropy (FA), a scalar value describing the directionality of water diffusion. FA is the ratio between the long axis and the two perpendicular axes of the diffusion tensor, scaled to values between 0 and 1. FA is indirectly related to tissue properties, corresponding to degree of coherence, organization, and density of fiber tracts (Beaulieu 2002) . Thus changes in FA may reflect pathological abnormalities of WM. FA is also used in guiding fiber tractography (Basser et al. 2000) , where streamlines are computed based on the analysis of diffusion tensor images and which makes the reconstruction of fiber bundles possible. In addition to FA, there are two other indices derived from DT-MRI that are more specific to underlying micro pathologies of the neuron: Axial Diffusivity (AD), which captures diffusion along the longest axis of the ellipsoid, and Radial Diffusivity (RD), which captures diffusivity perpendicular to the long axis of the diffusion tensor. These measures were introduced in animal experiments, and were shown to be more sensitive than FA alone as markers of axonal (AD) and myelin (RD) changes (Song et al. 2003; Song et al. 2005) . In a recently published study, we have compared 22q11.2DS patients to control subjects using TBSS, a voxel-based whole brain WM analysis. We found localized, statistically significant reductions of FA and slightly more extended, statistically significant reductions of AD in WM of the inferior parietal lobe in the left hemisphere in the patients group. Interestingly, several white matter tracts intersect in this region, including ILF and IFOF, the tracts of the ventral visual stream (Kikinis et al. 2012) .
Considering the reported deficits in visual postprocessing in 22q11.2DS patients (Lajiness-O'Neill et al. 2005 ) and our findings of abnormalities in WM of the inferior parietal lobe (Kikinis et al. 2012) , the aim of this study is to investigate the hypothesis that fibers of the ventral visual stream will be abnormal in 22q11.2DS subjects. We used DT-MRI scans of adult 22q11.2DS patients and healthy controls and performed tractography of the IFOF and the ILF in order to explore the changes of this anatomical substrate of the ventral visual stream. It was our goal to better understand the biological features of tract abnormalities observed in the 22q11.2DS group by measuring FA, AD, and RD along IFOF and ILF.
Methods

Subjects
Subjects participating in this study were described previously (Kikinis et al. 2012) . In short, nine subjects with 22q11.2DS were recruited from Boston area hospitals, and from responders to an advertisement on 22q11.2DS related websites. The deletion of the chromosomal region 22q11.2 was reconfirmed by Fluorescent In Situ Hybridization (FISH). DSM-IV diagnosis was conducted by a psychiatrist (CTF) and based on diagnostic SCID-P interviews and medical charts (First et al. 2002) . None of the 22q11.2DS patients were diagnosed with schizophrenia at the time of the scan. Nine healthy subjects were recruited through local newspaper advertisements. Healthy subjects were screened using the Structured Clinical Interview (SCID non-patient edition) (Spitzer et al. 1990 ) and none had an Axis I psychiatric disorder or a first-degree relative with a reported Axis I psychiatric disorder. The control subjects were group matched to the patients on age, gender, handedness and PSES (parental socioeconomic status). All subjects were age of 18 years or older. The demographic and clinical characteristics of the study groups are summarized in Table 1 .
This study was approved by the Institutional Review Boards. All subjects signed informed consent prior to study participation, which was consistent with the principles outlined in an internationally recognized standard for the ethical conduct of human research.
Data acquisition
The subjects received diffusion weighted scans using a line scan diffusion imaging (LSDI) (Gudbjartsson et al. 1996) technique on a 1.5 Tesla System GE Echospeed scanner. The scanning protocol is described in detail elsewhere (Kubicki et al. 2004) . Briefly, LSDI scans were acquired of the whole brain in the coronal direction, perpendicular to both the AC-PC line and interhemispheric fissure. For each line, six images with high (1000 s/mm 2 ) diffusion weighting along six non-collinear directions and two images with low (5 s/mm 2 ) diffusion weighting were collected. The following scan parameters were used: Field of view 220 mm×165 mm; scan matrix 128×128 (image matrix 256×256); slice thickness 4 mm; interslice distance 1 mm; TE=64 ms; effective TR=2592 ms; scan time 60 s/slice. Data preprocessing DICOM data were converted to NRRD format and masked to remove the head and neck structures. Tensors were estimated using least squares method (Basser and Jones 2002) implemented in 3DSlicer software version 2.8. (http://www.slicer.org/). Data analysis ROI (Region-Of-Interest) based streamline tractography of the IFOF and the ILF were performed using 3DSlicer software. Voxels defined by ROIs were used as seeds for streamline tractography. Streamline tractography followed the direction of the major eigenvector, based on the Runge-Kutta protocol (Basser and Jones 2002) with a fixed step size 0.5 mm, a stopping criterion of FA <0.15 and minimal length 600 mm. Individual ROIs for each tract were selected based on WM atlases (Wakana et al. 2004) , (Catani and Thiebaut de Schotten 2008) . Our standard model for seeding and reconstructing each WM tract was defined by an anterior ROI, a posterior ROI, and, specific for each tract, either additional inclusion or exclusion ROIs, explained in more detail in our previous publication (Rosenberger et al. 2008 ). All ROIs were drawn manually on color by orientation FA labelmaps. The ROIs were over-inclusive to avoid the size of the ROI being the determining factor of the tractography analysis. The obtained tracts were reconstructed in 3-dimensional view, and checked for consistency with respect to neuroanatomy by a trained neuroanatomist (NM). The final output of the tractography analysis of each tract was the mean value of FA, AD or RD, averaged over the entire extension of the tract.
The drawing of the ROIs for each of the tracts was performed by two investigators (DL, AH), both blind to diagnosis. Interrater reliability was calculated using an intraclass correlation coefficient (ICC) for the drawings by the two raters for 10 cases, which were selected randomly. ICC was 0.98 and 0.85 for the left and for the right IFOF, respectively; and 0.95 and 0.91 for the left and for the right ILF, respectively.
Statistical analysis
We used the Statistical Package for Social Sciences (PASW, version 17.0; SPSS Inc., Chicago, IL, USA) for data analysis. Socio-demographic data were analyzed by t-test (Table 1) and diffusivities by a two-way repeated-measures analysis of variance (ANOVA) performed for each of the main outcomes. The between subjects factor was diagnostic group (patients versus controls). The within-subjects factor was hemisphere (left versus right), and we tested the interaction. The main outcomes for the IFOF tract and the ILF tract included FA, AD and RD. To address the relatively small sample size of the study, effect size was calculated using Cohen's d (Cohen 1988 ) based on the means and the standard deviations of FA and AD for each of the two tracts. Power was calculated based on an alpha error probability of 0.05 using G*Power3 software (Faul et al. 2009 ).
Results
Demographics
Patients and control subjects did not differ in age (p=0.973), gender, or PSES (p=0.300) ( Table 1 and Supplementary Material Figure S1 ). 22q11.2DS subjects had fewer years of education (p = 0.029) and a significantly lower SES (p=0.001) than controls. Lower education of 22q11.2DS patients might be explained by cognitive deficits, a below average IQ of 75, with the latter being consonant with a diagnosis of mental retardation associated with the syndrome Moss et al. 1999; Swillen et al. 1997; Woodin et al. 2001 ).
Tractography
Both tracts, the IFOF and ILF, were successfully delineated ( Fig. 1) in both the 22q11.2DS and the control group.
ANOVA was performed for each of the tracts and for each of the DT-MRI measures: FA, AD and RD. All significant interactions and effects with corresponding p values of 0.05 and below are reported in Table 2 . In summary, we found for IFOF statistically significant effects between the patients and control group for FA and for AD; and a significant interaction between group and hemisphere for RD. ANOVA for the second tract, the ILF, and AD showed a significant effect between patients and controls.
The results of a post hoc analysis using Independent t-Test are shown in Fig. 2 . In summary, the 22q11.2DS group showed reduced FA for IFOF in the left hemisphere and reduced AD in both hemispheres, whereas ILF showed reduced FA only at trend level in the left hemisphere, but statistically significant reduction in AD in both hemispheres. No group differences were observed for RD in any of the tracts studied. The tight distribution of the values and the absence of outliers were reconfirmed visually by plotting the intensities of FA and axial diffusivity of both of the tracts (Fig. 2) .
The dorsal part of the cingulum bundle was delineated as the control tract for the method. We have chosen the dorsal part of the cingulum based on similarities in shape and appearance of the cingulum and IFOF and on the results from our previously published TBSS analysis (Kikinis et al 2012) . According to the TBSS analysis, no changes in FA or AD were expected in the dorsal cingulum. Indeed, the tractography of the dorsal part of the cingulum has shown no statistically significant group differences (independent t-test, Lastly, FA and AD values were not associated with any of the demographic measures or comorbid disorders. That is, there were no statistically significant correlations found for FA with age, sex, years of education, SES, PSES, or handedness in the 22q11.2DS or in the control group. Six patients also had a diagnosis of anxiety and phobia. To make sure that our findings were not confounded by comorbid diagnosis, correlations between the DTI measures and the comorbid disorders were performed. FA and AD of either tract did not correlate with the comorbid diagnosis of anxiety and phobia in 22q11.2DS subjects. Other frequent comorbid diagnoses of autism or attention deficit were not present among our subjects. 
Discussion
The aim of this study was to investigate neural components of the ventral visual stream in patients with 22q11.2DS and normal controls. To the best of our knowledge this is the first study to analyze the ventral visual stream in patients with 22q11.2DS using quantitative measures derived from tractography. We found statistically significant group differences in both tracts studied. As summarized in Fig. 2 , a reduction of FA was found in the IFOF in the left hemisphere in 22q11.2DS patients, and a reduction of AD was found in both IFOF and ILF, bilaterally, in 22q11.2DS. While FA is sensitive, it is a non-specific measure of WM microstructure. AD, in contrast, is more specific and our findings show that AD is altered in 22q11.2DS compared with controls, suggesting that axonal alterations may be important in the WM pathology of this population.
Interestingly, AD has rarely been explored in studies of 22q11.2DS subjects. Only two published studies have investigated AD and both reported reductions in AD to be more prominent than reductions in FA. In the first study, recently published by our team, whole brain WM in 22q11DS subjects were compared to controls using TBSS and statistically significant reductions in both FA and AD were reported in a region of inferior parietal WM that includes ILF and IFOF fiber tracts (Kikinis et al. 2012 ). In the current study we followed up on this finding by performing tractography measures on these tracts and were able to reconfirm the significant changes in FA and AD in both tracts. The other study compared 22q11.2DS patients to their siblings using a WM parcellation based on a WM atlas analysis (Radoeva et al. 2012) . In this study, Radoeva et al. reported statistically significant reductions in AD in multiple tracts, including IFOF. The results of two published studies are concordant and complementary with respect to changes in AD, although the two studies investigated different populations considering parameters such as age, number of participants and severity of symptoms and used different methods of analysis. All three studies reconfirm the importance of the AD measures in WM analyses in 22q11.2DS.
Reductions of FA and AD have been experimentally associated with underlying histopathologies in animal studies, including thinner neurons, lower number of neurons, and less ordered axons (Harsan et al. 2006; Song et al. 2003) . Such anomalies have been proposed for 22q1.2DS in a transgenic mouse model and by human histopathological studies. The LgDel mouse is a transgenic animal model with haploinsufficiency of several genes of the 22q11.2 chromosomal region. This insufficiency leads to changes in neuronal migration, morphogenesis, neurogenesis, and, in general, to a lower number of neurons. (Meechan et al. 2010; Meechan et al. 2009 ). In a post-mortem histological study of brains of 22q11.2DS patients, Kiehl et al. found less-ordered WM and ectopic neurons scattered throughout the WM. The presence of displaced neurons were interpreted as the result of abnormal neuronal migration during brain development (Kiehl et al. 2009 ). In general, developmental abnormalities in 22q11.2DS have been assumed because the physical manifestation of 22q11.2DS often includes dysmorphology of the heart, face, brain, and limbs, which is likely affected by abnormal development of cells of the neural crest (Kirby et al. 1983) . It is conceivable that the reduction of AD and FA in WM of 22q11.2DS is also a consequence of neurodevelopmental abnormalities.
Several previous imaging reports suggest abnormal connectivity in the brain regions involved in processing visual stimuli in 22q11.2DS patients and are in line with our findings. Deficits in visual processing were demonstrated in functional studies, including fMRI (Debbane et al. 2012; van Amelsvoort et al. 2006) and ERP (Magnee et al. 2011) . DT-MRI studies, using voxel-based whole brain techniques, such as SPM or TBSS, reported localized clusters of voxels of WM changes along fronto-parietal, tempo-parietal and occipital connections (Barnea-Goraly et al. 2003; da Silva Alves et al. 2011; Kikinis et al. 2012; Simon et al. 2008; Sundram et al. 2010 ). An SPM study on young children with 22q11DS syndrome reported changes in FA that correlated negatively with performance on visuo-spatial cognitive tasks (Simon et al. 2008) . Similarly, an atlas-based WM analysis of 22q11.2DS patients and their siblings showed positive correlations of AD in IFOF with scores on the Visual Span Test, indicating that changes in WM are associated with visuo-spatial performance (Radoeva et al. 2012 ). Lastly, structural MRI studies have reported volumetric reductions in gray matter of regions involved in the post-processing of visual stimuli, including the occipital lobe (Bearden et al. 2007; Campbell et al. 2006; Kates et al. 2001) , frontal brain regions (Gothelf et al. 2007 ) and gray and WM of the temporal lobes (Gothelf et al. 2007) . To the best of our knowledge, our study is the first to use tractography. Using tractography we were able to achieve improved localization of WM abnormalities in 22q11.2DS. As results of this improved localization, we were able to replicate the results reported previously about the existence of WM abnormalities within the IFOF. The higher sensitivity of this method allowed us to also detect previously unreported bilateral abnormalities in the other neuroanatomical substrate of the ventral visual stream, the ILF.
Deficits of the ventral visual stream have been reported more recently (along with deficits in the dorsal stream) in a number of other developmental disorders, such as autism spectrum disorder, anxiety disorder, William's syndrome and Fragile X (Bishop 2007; Walter et al. 2009 ). Some of those disorders are comorbid with 22q11.2DS and deserve to be mentioned here as a possible source to confound our findings. As for the case of anxiety disorder, it was reported that elevated state of anxiety was associated with increased activity of the amygdala and, of interest to this study, strong inputs from the temporal lobe and projections back to the visual cortices modulate the activity of the amygdala and suggest the involvement of the ventral visual pathway (Bishop 2007) . Several patients were diagnosed with anxiety and phobia disorders, but the comorbidity of these disorders did not correlate with the DT-MRI measures of either of the tracts, which suggest that our findings in IFOF and ILF are specific to 22q11.2DS.
Even though no other DT-MRI studies in 22q11.2DS have focused on the ventral visual stream, several studies have looked at these structures in schizophrenia. These studies are relevant because there is a 30 % incidence of schizophrenia in 22q11.2DS patients (Bassett et al. 2005) and because deficits in visuo-spatial memory, such as face processing, is not limited just to 22q11.2DS syndrome, but is also prevalent in patients diagnosed with schizophrenia (Whittaker et al. 2001) . Tractography studies in schizophrenia have focused on ILF and IFOF, and report reduced FA in these structures (Ashtari et al. 2007; Cheung et al. 2011; Rosenberger et al. 2008; Seal et al. 2008) . Reported reductions in FA in schizophrenia, however, are usually associated with increases in RD, but not reductions in AD (Ashtari et al. 2007; Seal et al. 2008 ). Further, they are generally interpreted as being the consequence of myelin related pathology (Davis et al. 2003; Hakak et al. 2001; Tkachev et al. 2003; Uranova et al. 2001) . The difference in reported findings for schizophrenia studies and this study on 22q11.2DS suggests possible differences in underlying histopathology, i.e., myelin disruption in schizophrenia and axonal pathology in 22q11.2DS patients. Such findings suggest developmental abnormalities in 22q11.2DS and more likely degenerative abnormalities in schizophrenia. The existence of distinct pathologies between 22q11.2DS and schizophrenia patients raises the question of whether increases of RD in WM might possibly be seen in 22q11.2DS patients diagnosed with schizophrenia. The findings of reduced FA and AD, without changes in RD, may be specific to the phenotype of 22q11.2DS as the participants of our study are young adult 22q11.2DS patients without the diagnosis of schizophrenia. Future MR-DTI studies in 22q11.2DS patients with schizophrenia exploring not just FA, but also AD and RD indices might provide answers to this question about microstructural changes in WM in these diseases.
The small number of subjects is an obvious limitation of our study. However, the power of our findings is relatively high (>85 %), suggesting robustness despite the small sample size. A further limitation might be that patients and controls, as in most other studies of 22q11.2DS, were not matched for IQ. Nevertheless, deficits in visual spatial abilities are reported to be present independent of intellectual performance (Vicari et al. 2012) . Additionally, since this is a cross sectional study, and because no follow up data are available, we cannot say how changes in IFOF and ILF might develop over time. A further limitation of this study was that cognitive testing was not carried out in this population. Finally, we focused on the ventral visual stream only. Recently published neuropsychological 22q11.2DS studies redefine the deficits in visuo-spatial memory as visuo-motor and visual attentional deficits (Baker and Vorstman 2012; Howley et al. 2012) . It is very likely, that IFOF and ILF are part of these systems, but future studies might also include the tracts of the dorsal stream.
In summary, we explored the neuroanatomical substrates of the ventral visual stream in patients with 22Q11.2DS and find that specific tracts, such as IFOF and ILF, show changes in DT-MRI measures. We suggest that reduction of FA, and especially AD, is a specific feature of 22q11.2DS, as opposed to reductions in FA and increases in RD, which are more commonly observed in schizophrenia. Further, based on observations in mice (Harsan et al. 2006; Song et al. 2003) it is plausible that reductions in AD, along with reductions in FA, and no changes in RD measures, are indicative of impaired axonal changes rather than myelin changes. The observed changes in IFOF and ILF could help to explain impaired ventral visual stream and performance deficits in visual memory tasks, which have been widely reported in patients with 22q11.2DS.
